ABSTRACT: Indocyanine green (ICG) is a conventional dye that can be used in clinical near-infrared (NIR) imaging, and it is also an effective light absorber for laser-mediated photothermal therapy. However, applications of ICG were limited due to its fast degradation in aqueous media and quick clearance from the body. Herein, an ICG-containing nanostructure, ICG-PL-PEG, was developed for photothermal therapy, which was self-assembled by ICG and phospholipid-polyethylene glycol (PL-PEG). Our in vitro and in vivo experiments demonstrated that ICG-PL-PEG suspension was more efficient in producing a NIR-dependent temperature increase than ICG alone, due to the increase of ICG monomers from the addition of PL-PEG to match the central wavelength of the 808 nm laser. When conjugated with integrin α v β 3 monoclonal antibody (mAb), ICG-PL-PEG could be selectively internalized and retained in target tumor cells. Irradiation of an 808 nm laser after intravenous administration of ICG-PL-PEG-mAb resulted in tumor suppression in mice, while ICG alone had only limited effect. This is the first time an ICGcontaining nanostructure has been used through systemic administration to achieve an efficient in vivo photothermal effect for cancer treatment. Therefore, ICG-PL-PEG could be used as a fluorescent marker as well as a light-absorber for imaging-guided photothermal therapy. All the components of ICG-PL-PEG have been approved for human use. Therefore, this unique ICGcontaining nanostructure has great potential in clinical applications.
■ INTRODUCTION
Photothermal therapy for cancer has been widely investigated as an effective local, minimally invasive treatment modality in comparison with other methods, 1, 2 due to its precise energy delivery to target tissue and the sensitivity of tumor tissue to temperature increase. 3 Light in the near-infrared (NIR) region, in combination with appropriate light-absorbing agents, is particularly attractive for selective photothermal interaction, because of the low absorbance of biological tissue in this region. 4 Recently, nanotechnology has engendered a range of novel materials acting as photothermal agents, including gold nanomaterials (gold nanocage, gold nanoshell and gold nanorod) 5−9 and carbon nanomaterials (grapheme, nanohorns, and single-walled and multiwalled carbon nanotubes). 10−14 Despite recent progress, these nanoparticles have not been used in clinical applications due to the concerns of their longterm safety. 15 Recently, much attention has been focused on the development of nanostructure with integrated imaging and therapeutic functions. A new term "nanotheranostics" has been proposed to describe these nanoparticles. 16−18 Though gold and carbon nanomaterials can be used in photothermal therapy, they have not been used in disease detection. Targeted drug delivery or imaging-guided drug delivery using these nanoparticles, especially gold nanomaterials, has been limited due to their low drug loading efficiency. 19 In contrast, organic nanoparticles, such as liposomes, micelles, and polymersomes, have been applied in human studies due to their biocompatibility and drug-delivery capacity. 20 However, as these organic nanoparticles do not absorb or emit light in the near-infrared region, they have been limited for NIR optical imaging and photothermal therapy. 21 Therefore, development of nanostructures with both drug delivery properties and excellent NIR optical properties is needed.
Indocyanine green (ICG) is a U.S. Federal Drug Administration approved NIR clinical imaging agent, 22−24 and it is also an effective NIR light absorber for laser-mediated photothermal therapy. 25−29 Therefore, ICG is a suitable candidate for dual-functional probes integrating NIR fluorescence imaging and photothermal therapeutic properties. Use of ICG in NIR fluorescence imaging has been studied intensely. 30−34 However, as a strong light-absorber, application of ICG in photothermal therapy has not been thoroughly explored, 35−37 due to its fast degradation in aqueous media and quick clearance from the body. 24,38−40 Polymeric modalities have been used to address the intrinsic drawbacks of ICG. 30,32−34,41−45 Among these modalities, micelles are a successful drug delivery system and have provided ICG with good stability. 32, 45 However, these ICG-containing nanostructures have been only tested in imaging and their photothermal therapeutic effects have not been explored.
Previously, ICG has been used as a photothermal chromophore for tumor treatment through intratumoral injection. 25−27 To further explore ICG for both disease imaging/detection and photothermal therapy, we have constructed ICG-PL-PEG, an ICG containing nanostructure self-assembled by ICG and PL-PEG, as a NIR dual-functional targeting probe for optical imaging and photothermal therapy. 46 The limitations of ICG applications due to concentrationdependent aggregation, poor aqueous stability and lack of target specificity could be overcome using this new nanostructure. In the current work, photothermal properties of ICG-PL-PEG were further investigated. The enhancement of tumor treatment using ICG-PL-PEG, administered intratumorally or intravenously, followed by irradiation of NIR light, was observed.
Our in vitro and in vivo experiments demonstrated that ICG-PL-PEG suspension was more efficient in producing a NIRdependent temperature increase than ICG alone, due to the increase of ICG monomers from the addition of PL-PEG to match the central wavelength of the 808 nm laser. When conjugated with integrin α v β 3 monoclonal antibody (mAb), ICG-PL-PEG could be selectively internalized and retained in target tumor cells. Irradiation of an 808 nm laser after intravenous administration of ICG-PL-PEG-mAb resulted in tumor suppression in mice, while ICG alone had only limited effect. To the best of our knowledge, this is the first time an ICG-containing nanostructure has been used through systemic administration to achieve an efficient in vivo photothermal effect for cancer treatment.
■ EXPERIMENTAL SECTION
The following chemicals and reagents were used in our experiments: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] (PL-PEG-COOH) (Avanti Polar Lipids Inc., Mt. Eden, AL, USA), indocyanine green for injection (Sigma Chemical Co., St. Louis, MO), integrin α v β 3 (23C6) monoclonal antibody (integrin α v β 3 mAb) (Santa Cruz, CA, USA), FITC (Sigma Chemical Co., St. Louis, MO), N-hydroxysulfosuccinimide (NHS), and 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC) (Sigma-Aldrich Co). Since all the reagents were of analytical grade, they were used without further purification.
Preparation of ICG-PL-PEG and ICG-PL-PEG-mAb Formulations. Indocyanine green containing nanostructure (ICG-PL-PEG) was prepared following the procedures as previously described. 46 Briefly, ICG and PL-PEG were mixed with a mass ratio of 1:100. The solution was stirred at room temperature for 5 min and was filtrated using 2000 Da filters (Millipore) to remove excess nonbinding ICG. For ICG-PL-PEG-mAb, PL-PEG-COOH solution was first activated by EDC/NHS to afford PL-PEG-NHS (molar ratio, PL-PEG:EDC:NHS = 1:2:2). After reaction, the solution was dialyzed against PBS using a 2000 Da membrane (Millipore) to remove excess EDC and NHS. To ensure complete removal, the dialysis lasted 3 to 4 days with frequent replacement of PBS buffer. ICG-PL-PEG-mAb was produced by incubating integrin α v β 3 monoclonal antibody with ICG-PL-PEG-NHS (molar ratio, PL-PEG-NHS:integrin α v β 3 monoclonal antibody = 200:1) (pH 7.4) for 4 h.
Fluorescence Labeling of ICG-PL-PEG-mAb. Integrin α v β 3 mAb was first labeled with FITC by the procedures according to Ou. 47 Briefly, the solution of integrin α v β 3 mAb at a concentration of 40 nM in standard PBS was mixed with 50 μL of sodium bicarbonate solution. The solution was then mixed with FITC (13 mM, 100 μL) dissolved in DMSO (Aldrich). After incubating the mixture for 1 h at room temperature, protected from illumination, the conjugated integrin α v β 3 mAb−FITC was filtrated through 100 kDa filters (Millipore) to remove excess FITC. The resultant fluorescein labeled protein solution was then diluted with PBS to a concentration of 8 nM. FITC labeled integrin α v β 3 was then used to produce ICG-PL-PEG-mAb/FITC. If fluorescence emissions from both ICG and FITC were present in target cancer cells (U87-MG) while absent in nontarget cells (MCF-7), it provided evidence that ICG-PL-PEG-mAb/FITC remained a stable structure after entering target cells.
Optical Spectra Measurements. The absorption spectra of freely dissolved ICG and ICG-PL-PEG probe were obtained using a UV/vis spectrometer (Lambda 35, Perkin-Elmer, USA).
In Vitro Study of ICG-PL-PEG-mAb. Experiments were performed according to our previous protocol. 46 Briefly, two types of cancer cells (U87-MG and MCF-7) growing in 35 mm Petri dishes were incubated with ICG-PL-PEG-mAb/FITC formulation at 0.01 mg/mL ICG (mass ratio ICG:PL-PEG = 1:100) for 1 h, rinsed with PBS and replaced with fresh cell medium. The cells were imaged by a laser scanning microscope.
Confocal Laser Scanning Microscopy. Fluorescence emissions from FITC and ICG were observed confocally using a commercial laser scanning microscope (LSM 510 META) combination system (Zeiss, Jena, Germany) equipped with a Plan-Neofluar 40×/1.3 NA Oil DIC objective. Excitation wavelength and detection filter settings for each of the fluorescent indicators were as follows. FITC was excited at 488 nm with an Ar ion laser (reflected by a beam splitter HFT 488 nm), and the fluorescence emission was recorded through a 500−550 nm IR band-pass filter. ICG was excited at 633 nm with a He−Ne laser, and emitted light was recorded through a 650 nm long-pass filter.
Cell Lines and Animal Model. NIR photothermal therapy was an attractive treatment modality for cancer. Based on previous study, ICG has been used to effectively suppress rat mammary tumors under laser irradiation. 25−27 Murine mammary tumor line EMT6 was selected to generate breast cancer. U87-MG human glioblastoma cancer cells and MCF-7 human breast cancer cells were selected to match ICG-PL-PEG-mAb, according to our previous protocol.
46 U87 -MG cancer cells overexpress integrin α v β 3 on the cell surface, 48 while MCF-7 cancer cells express a very low level of integrin α v β 3 . Murine mammary tumor line EMT6 cells were cultured in RPMI 1640 (GIBCO) supplemented with 15% fetal bovine serum (FBS), penicillin (100 units/mL), and streptomycin (100 μg/mL) in 5% CO 2 , 95% air at 37°C in a humidified incubator. U87-MG cells and MCF-7 cells were cultured in Eagle's minimal essential medium (EMEM) and Dulbecco's modified Eagle's medium (DMEM), respectively. The media were supplemented with 10% fetal bovine serum (FBS) and 1% penicillin−streptomycin in 5% CO 2 , 95% air at 37°C in a humidified incubator. For in situ intratumoral injection experiment, EMT6 cells (1 × 10 6 ) in 100 μL of PBS solution were injected into the flank region of female Balb/c mice, aged 6−8 weeks. Animals were used in experiments 7 to 10 days after tumor cell inoculation, when the tumors reached a size of approximately 300 mm 3 . For intravenous injection experiment, the U87-MG tumors were generated by subcutaneous injection of 1 × 10 7 cells in 100 μL of PBS to female athymic nude mice. Animals used in photothermal studies had a tumor volume of 200−400 mm In Vivo Study of ICG-PL-PEG-mAb and Biodistribution. Nine nude mice bearing U87-MG tumor were randomly divided into three groups (n = 3 per group). Mice in group 1 were intravenously injected via tail vein with 100 μL of PBS as control. Mice in groups 2 and 3 were intravenously injected with 200 μL of ICG and ICG-PL-PEG-mAb, respectively (both containing 0.1 mg/mL ICG). Six hours later, mice bearing U87-MG tumors were imaged. Then various organs and tissues were obtained for imaging and semiquantitative biodistribution analysis. Detection was performed using the LI-COR Odyssey Infrared Imaging System through 800 nm channel (LI-COR, Inc. Lincoln, NE).
Temperature Measurement and Photothermal Therapy during NIR Irradiation. For in vitro experiments, ICG and ICG-PL-PEG solutions (0.02 mg/mL ICG, 500 μL) in tubes were irradiated by the 808 nm laser (COHERENT 899-05, USA) at 2.0 W/cm 2 for 10 min. Temperature was measured in 5 s intervals with an infrared thermal camera (TVS200EX, NEC, Japan). For in situ intratumoral injection experiment, 6 female Balb/c mice bearing EMT6 tumors were randomly divided into two groups (n = 3 per group). In group 1, mouse tumors were injected with 100 μL of PBS as control, while in group 2, mouse tumors were injected with 100 μL of ICG (left tumor) and ICG-PL-PEG (right tumor) formulation (both containing 0.5% ICG). Both tumors were irradiated by the 808 nm laser at 0.5 W/cm 2 3 h postinjection for 100 s, and surface temperatures of the tumors were measured in 5 s intervals with the infrared thermal camera. Three hours was selected for ICG to diffuse through the entire tumor. For intravenous injection experiment, 9 nude mice bearing U87-MG tumors were randomly divided into 3 groups (n = 3 per group). The mice in group 1 were intravenously injected via tail vein with 100 μL of PBS as control. The mice in groups 2 and 3 were intravenously injected with 100 μL of ICG and ICG-PL-PEGmAb, both containing 0.5% ICG (a dose of 25 mg/kg). Six hours later, mice in all groups were treated by the 808 nm laser with 2 W/cm 2 for 10 min. All the experiments were conducted at room temperature.
Different Intensities and Exposure Times. To select laser intensity, we performed a pre-experiment of skin irradiation with laser power densities from 0.5 to 2.0 W/cm 2 (data not shown). There was no apparent damage on the mouse skin under laser irradiation below 2.0 W/cm 2 . Therefore, 2.0 W/cm 2 was selected as the maximum dose in our experiments. For spot size, the laser beam was adjusted to cover the entire tumor (120.7−158.8 mm 2 ). Different exposure times were used for in vitro, in situ, and intravenous studies.
■ RESULTS ICG-PL-PEG Suspension Was More Efficient in Producing a NIR-Dependent Temperature Increase than ICG in Vitro and in Vivo. ICG-containing nanostructure (ICG-PL-PEG) was prepared following our previous protocol. 46 The average diameter of ICG-PL-PEG was 17.6 nm, which was demonstrated by dynamic light scattering in our previous study. 46 The data obtained by TEM was also within the range. After conjugation with integrin α v β 3 , the average diameter changed to 21.5 nm (data not shown). Compared to ICG, the peak absorbance of ICG-PL-PEG was red-shifted from 780 to 800 nm to match the central wavelength of the diode laser (808 nm) and the absorbance had an apparent increase at this wavelength ( Figure 1A) .
To verify the potential of using ICG and ICG-PL-PEG in photothermal therapy, we monitored the temperature increase in vitro during laser irradiation using an infrared camera. Both ICG and ICG-PL-PEG (with the same concentration of ICG) were exposed to an 808 nm NIR laser at a power density of 2 W/cm 2 for 10 min, and both showed a rapid increase of temperature. At an ICG concentration of 0.02 mg/mL, ICG-PL-PEG had a temperature elevation up to 57.3°C, while the ICG aqueous solution had a temperature elevation only to 50.5°C
. Due to photodegradation and thermal degradation, there was a slow temperature decline after 4 min ( Figure 1B) . These findings clearly demonstrated that the absorption of light could be converted to heat and the ICG-PL-PEG formulation had a greater temperature increase than ICG solution in response to NIR illumination.
To further confirm this conclusion, we carried out an intratumoral injection experiment to investigate the photothermal effects of ICG and ICG-PL-PEG using mice with bilateral tumors (on the left and right flanks). Solutions of 100 μL of ICG and ICG-PL-PEG containing 0.5% ICG were injected into the center of each tumor (Figure 2A ) (following the procedure as previously described). 25−27 The tumors on each mouse were subjected to photothermal treatment by exposure to the 808 nm diode laser at a power density of 0.5 W/cm 2 . During the laser treatment, full-body thermographic images were captured using an infrared camera, as shown in Figures 2B and 2C . The maximum average temperature of the tumor surface was plotted as a function of the irradiation time ( Figures 2D and 2E) . Without ICG or ICG-PL-PEG injection, the tumors on the left and right have similar photothermal response under the 808 nm laser irradiation. Three hours postinjection, the surface temperature of the right tumor injected with ICG-PL-PEG increased rapidly within 100 s and Targeting of ICG-PL-PEG-mAb in Vitro and in Vivo. Our previous work demonstrated that ICG-PL-PEG-mAb could be used as efficient and selective photothermal absorbers to destroy cancer cells with a near-infrared laser. 46 In our experiments, ICG-PL-PEG-mAb was further labeled by FITC (abbreviated as ICG-PL-PEG-mAb/FITC). The fluorescence emissions of both ICG (red) and FITC (green) were colocalized in U87-MG cancer cells (Figure 3 ). Strong fluorescence emissions from both ICG and FITC were present in target cancer cells while absent in nontarget cells, indicating that ICG-PL-PEG-mAb/FITC remained a stable structure after entering target cells.
Further, the in vivo biodistribution of ICG and ICG-PL-PEGmAb was assessed for animal whole body NIR imaging, using PBS, ICG and ICG-PL-PEG-mAb. The whole body NIR fluorescent images of mice were obtained six hours after intravenous injection, using the LI-COR Odyssey Infrared Imaging System through 800 nm channel (LI-COR, Inc. Lincoln, NE). ICG was found to be mainly accumulated in liver, while ICG-PL-PEG-mAb had a high accumulation in both tumor and liver ( Figure 4A ). Therefore, ICG-PL-PEG could be used as a fluorescent marker as well as a light absorber for imaging-guided photothermal therapy. Then the mice were sacrificed and various organs and tissues were collected for imaging analysis ( Figure 4B ). The averaged ICG fluorescent intensity of each imaged organ (after removing the tissue autofluorescence and subtracting the background) was calculated for a semiquantitative biodistribution analysis. The strongest fluorescence signal of ICG was observed in the liver while it was in tumor for ICG-PL-PEG-mAb (4.7-fold of free ICG, P < 0.001), suggesting a high tumor accumulation of ICG-PL-PEG-mAb in tumor. An obvious trend of increased fluorescence signal was obtained in most major organs for ICG-PL-PEG-mAb ( Figure 4C ), suggesting different metabolic characteristics between ICG and ICG-PL-PEG-mAb.
Photothermal Treatment of Tumors Using Laser Irradiation Following Intravenous Administration of ICG and ICG-PL-PEG-mAb. Motivated by the tumor accumulation of ICG-PL-PEG-mAb and its strong NIR optical absorption ability at 808 nm, we further carried out an in vivo photothermal therapy study using the U87-MG tumor model on athymic nude mice. Solutions of ICG and ICG-PL-PEGmAb (100 μL; 0.5% ICG) were intravenously injected via tail vein ( Figure 5A ). After 6 h, the tumors on each mouse in different groups were treated by the 808 nm diode laser at a power density of 2W/cm 2 for 10 min ( Figure 5B ). During photothermal treatment, full-body thermographic images were captured using an infrared camera. The maximum surface temperature of the tumor area was plotted as a function of the irradiation time. For the ICG injected mice, the tumor surface temperature increased rapidly within 100 s and began to plateau at about 45°C. For the ICG-PL-PEG-mAb injected mice, tumor surface temperature rapidly reached 55°C. The surface of the tumor treated by laser only had a temperature plateau of 40°C ( Figure 5C ).
Photothermal damage to tumor cells in mice intravenously injected with PBS, ICG and ICG-PL-PEG-mAb was confirmed by histological examination using H&E staining, 12 h after photothermal treatment. Distinctive characteristics of cellular damage, including coagulative necrosis, abundant pyknosis and considerable regions of karyolysis, were found in laser-treated tumor tissue from mice injected with ICG-PL-PEG-mAb; but the damage was largely absent from tumors injected with PBS or ICG ( Figure 5D ). From the Arrhenius integral, laser induced thermal damage increases at a constant rate when tissue temperature is held constant. However, for linearly increasing temperatures, the rate of increase in damage is exponential, suggesting an accelerated rate of thermal damage to tissue that is almost instantaneous. 49 A 10 degree increase in temperature can make a substantial difference in photothermal therapy.
After treatment, mice were observed daily and the tumor volumes were measured using a caliper every other day. The mice treated by laser + ICG had an average tumor burden similar to that of control mice (laser + PBS). In contrast, laser + ICG-PL-PEG-mAb treatment (2 W/cm 2 for 10 min) caused significant tumor suppression ( Figure 5E ).
■ DISCUSSION
Generally, NIR absorption cross section of gold nanoparticles, such as nanorod, nanoshell, and nanocage, is 10 4 −10
6
-fold higher than that of conventional organic dyes. 5, 6 However, based on optical absorption per mass, the absorption efficiency of ICG is about 8500 times more than that of commercial gold nanorods with peak absorption at 780 nm and 7 times more than SWNTs. 50 The effective dose of ICG-PL-PEG used in our experiments (25 mg/kg) was much lower than the maximum dose (LD 50 ) of ICG alone (50−80 mg/kg). 30 This lays the foundation for using ICG in photothermal therapy based on the following. (1) The major advantage of ICG in selective photothermal therapy lies in its absorption spectrum. ICG absorbs strongly and also fluoresces in the near-infrared region, to which biological tissue is relatively transparent. (2) Intratumoral injection of ICG has been used in photothermal therapy in animal studies, and it could effectively suppress tumor growth .
25−27 (3) ICG is currently approved by FDA as a NIR clinical imaging agent. However, it has been allowed to be used in clinical trials for laser treatment of melanoma patients since 2004 in the US. 51, 52 Furthermore, ICG has been used for its photothermal effect in breast cancer treatment in clinical trials outside the US. 53 These clinical and preclinical results
show that ICG is a nontoxic, efficient light-absorbing dye and holds great promise for selective photothermal therapy. Our current work should further advance the therapeutic use of ICG for cancer treatment. (4) Indeed, ICG has weak fluorescent emission. However, its fluorescence property has been directly used in certain clinical applications, and NIR fluorescence imaging using ICG has been reported. 30−34 Furthermore, its weak fluorescent emission should not overshadow its effect in photothermal therapy.
In our experiments, at an ICG concentration of 0.02 mg/mL, the ratio of monomer to dimer in ICG solution was 1.5, while in ICG-PL-PEG formulation, the ratio changed to 2.5 ( Figure  1A) . At an ICG concentration of 0.05 mg/mL, the ratio changed from 1.1 to 2.0 (data not shown). The monomer to dimer ratio in ICG-PL-PEG formulation was higher than that of ICG solution. It may be due to the noncovalent binding between ICG and PL-PEG as a strong competition to selfaggregation between ICG and ICG, which reduced the ICG dimerization. It is hypothesized that, due to the existence of two fatty acid acyls, PL-PEG contributes considerably to an increase in the van der Waals forces and hydrophobic interactions. However, further investigation is needed. The shift in wavelength of peak absorption was another evidence of the formation of ICG molecular aggregates between ICG and PL-PEG, which absorb and emit at longer wavelengths than the single ICG molecule. The red shifts have been previously reported in other delivery systems such as Solutol HS 15, Pluronic F-127, ICG-loaded PLGA nanoparticles, and nanoparticle assembled capsules. 32, [41] [42] [43] 45 Increased absorbance for ICG-PL-PEG for wavelength greater than 780 nm was due to the increase of ICG monomers. The absorption peak of the monomers is close to 800 nm, and this is the reason that the ICG-PL-PEG suspension was more efficient in producing a NIR-dependent temperature increase than aqueous ICG solution ( Figure 1B) .
In our in vivo experiments, the difference in temperature increase induced by ICG and ICG-PL-PEG was also due to their differential retentions in tumors, either through intratumoral injection ( Figure 2E ) or through intravenous injection ( Figure 5C ). It is well-known that ICG has a fast degradation rate in aqueous media and quick clearance from the body. 24,38−40 Due to its amphiphilic characteristics, ICG can interact with both lipophilic and hydrophilic molecules. In plasma, ICG binds almost completely (98%) to major plasma proteins, especially lipoproteins, 38 leading to its low vascular or tissue permeability. After binding to plasma proteins, ICG is excreted exclusively by liver, although the mechanism of ICG removal from blood is not clearly understand. 54 This behavior of ICG causes a rapid elimination from the bloodstream, with an initial half-life of 3−4 min, followed by a slower half-life of approximately 1 h at lower concentrations. All these properties lead to a low retention rate of ICG in tumor. Although the actual ICG content in the tumor was not calculated in this study, the low averaged fluorescence intensity of ICG suggested a low retention of ICG in tumors (Figure 4) , which was further supported by the data of temperature increase in tumors after laser irradiation ( Figure 5C ). Thus, ICG-PL-PEG provides ICG with chemical stability, protection from nonspecific protein binding, and enhanced circulation time.
When conjugated with a targeting antibody, ICG-PL-PEG could selectively enter tumor cells, as shown in Figure 3 . This was further evidenced by the enhanced, prolonged fluorescent emission of ICG from the tumor, as shown in Figure 4 , consistent with previous results using targeting lipid micelle as pharmaceutical carriers for poorly soluble drugs. 55−57 Due to the specific accumulation of ICG-PL-PEG-mAb in tumor, photothermal therapeutic effect could be achieved for tumor suppression, while laser + PBS or laser + ICG could provide only very limited impact on mouse tumors ( Figure 5) .
The stability and selective tumor uptake of ICG-PL-PEG made laser irradiation more effective at a late time point after the administration of ICG-PL-PEG and reduced the ICG binding in intravascular structure and in normal tissue. In this study, the laser irradiation took place six hours after ICG-PL-PEG administration. However, ICG-PL-PEG could be used as a dual-functional probe with integrated optical imaging and photothermal therapy capabilities. Therefore, the retention of ICG-PL-PEG in tumors could be used for tumor diagnosis through fluorescence imaging, and then the visualized tumor . P values were calculated using nonpaired twotailed Student's t test (*P < 0.05, **P < 0.01, ***P < 0.001; n = 3 per group).
could be destroyed with the 808 nm light in a noninvasive manner, while decreasing damage to the surrounding normal tissues. However, more appropriate time point will be optimized in our fluorescence work.
Nontargeting, sterically stabilized nanoparticles can extravasate into perivascular areas and adjacent extracellular space via enhanced permeability and retention (EPR) effect, 58−60 especially in tumors. However, most nontargeting nanostructures mainly accumulate in the interstitial space of the tumor and can be easily cleared. Therefore, attaching certain ligands, especially mAbs, as active targeting moieties onto these nanoparticles influences not only their specificity of the drug delivery but also their penetration and distribution in the tumor. Our results in this study demonstrated that ICG-PL-PEG-mAb could effectively target tumor cells and increase their accumulation in tumors (Figure 3 and 4) .
Nanotheranostics have attracted more and more attention recently, and multifunctional nanoparticles integrating imaging/ detection and therapeutic capabilities are needed. NIR gold nanomaterials are limited in drug loading. 19 In contrast, organic nanoparticles, such as liposomes, micelles, and polymersomes, have found many human therapeutic applications as a result of their robust biocompatibility and drug-delivery capacity. 20 This unique ICG-PL-PEG, with integrated fluorescence imaging and photothermal therapeutic capabilities, can serve as dualfunctional probes. 
■ CONCLUSION
To the best of our knowledge, this is the first report on in vivo photothermal effects using systemic administration of ICGcontaining nanostructure. ICG-PL-PEG suspension was more efficient in producing a NIR-dependent temperature increase than ICG alone, due to the increase of ICG monomers from the addition of PL-PEG to match the central wavelength of the 808 nm laser. ICG-PL-PEG, when conjugated with monoclonal antibody (mAb), could be selectively internalized and retained in target tumor cells. Irradiation of an 808 nm laser after intravenous administration of ICG-PL-PEG-mAb resulted in tumor suppression in mice, while ICG alone had only a limited effect. Therefore, ICG-PL-PEG could be used as a fluorescent marker as well as a light-absorber for imaging-guided photothermal therapy. 
